To analyze transcription factors involved in gene regulation by testis-specific TAF (tTAF), tTAF-dependent promoters were mapped and analyzed in silico. Core promoters show decreased AT content, paucity of classical promoter motifs, and enrichment with translation control element CAAAATTY. Scanning of putative regulatory regions for known position frequency matrices identified 19 transcription regulators possibly contributing to tTAF-driven gene expression. Decreased male fertility associated with mutation in one of the regulators, Acj6, indicates its involvement in male reproduction. Transcriptome study of testes from male mutants for tTAF, Acj6, and previously characterized tTAF-interacting factor Modulo implies the existence of a regulatory hierarchy of tTAF, Modulo and Acj6, in which Modulo and/or Acj6 regulate one-third of tTAF-dependent genes.
During Drosophila spermatogenesis, spermatogonial cells born from male germline stem cells multiply through four rounds of mitotic divisions and differentiate into spermatocytes. Upon lengthy maturation, spermatocytes in turn proceed through meiotic divisions to generate round haploid spermatids. Completion of the meiosis itself and dramatic morphological transformation of spermatids into mature sperms require numerous structural and regulatory proteins, expression of which is mostly supported by highly active transcription in spermatocytes [1] . The testisspecific gene expression is usually activated in spermatocytes [2] . Furthermore, a wealth of male-sterile mutants identified so far block at the initiation of spermatid differentiation program in spermatocytes [3] . Thus, the regulatory network in the spermatocyte period warrants detailed analysis both as a striking example of vast cell type-specific transcription and as a molecular mechanism that underlies male fertility.
To date, very few transcription factors are known to be essential for spermatocyte-specific gene expression. The most well-characterized group includes genes of the meiotic arrest class, which encode either testis-specific TATA-binding protein-associated factors (tTAFs) or components of testis meiotic arrest complex (tMAC), except that Achintya and Vismay constitute a distinct complex [2] . The tMAC complex controls expression of key G2-M cell cycle genes [4] , and its disruption shows dramatic drop in transcription of over 1500 genes in testes, whose effect is broader than the tTAF disruption [2] . The five tTAFs identified thus far in the primary spermatocytes are also required for the progression of meiosis and spermatid differentiation and for expression of multiple testis-specific genes [5, 6] . tTAFs are structurally and functionally similar with the conventional TAFs [6] .
Testis-specific TAFs interact with each other rather than with their conventional counterparts, and probably form a distinct TFIID complex together with a testis-enriched TAF1 isoform TAF1-2 [6, 7] . One proposed mechanism of tMAC/tTAF regulation involves sequential binding of tMAC, Mediator and tTAF complex to the testis-specific promoters, in which each subsequent step depends on the preceding [8] . Another model implies possible derepression of testis-specific genes by sequestration of repressor Polycomb in the nucleolus through interaction with tTAFs [9] . However, this does not appear to be the major mode of regulation, because Polycomb is not frequently associated with testis-specific genes and thus not likely to control the bulk of transcription in spermatocytes [10, 11] .
It appears, however, that spermatocyte-specific transcription does not depend solely on the general regulators such as tTAFs and tMAC, but also involves genespecific transcription factors. Although an impressive number of these gene-specific transcription factors are enriched in Drosophila testes, as reported in multiple surveys including the present paper, only a few have been analyzed. The first described example was multifunctional factor Modulo, the Drosophila homolog of nucleolin, which presents a specific isoform enriched in the spermatocytes, binds to the promoters of a number of spermatocyte-expressed spermatid differentiation genes, and is required for their transcription [12] . The documented Modulo-tTAF binding raises the possibility that both bind to and cooperatively regulate target promoters [12] . Similarly, testis-specific bromodomain proteins tBRD-1 and tBRD-2 were reported to act as cofactors of tTAFs and regulate a set of spermatid differentiation genes in spermatocytes [13, 14] . Thus, we hypothesized that gene-specific transcription regulators broadly cooperate with tTAFs in regulation of spermatocyte-specific transcription. We first studied the promoter features of the tTAF-dependent genes and identified a number of overrepresented transcription regulator binding motifs. Further, as an example, we analyzed one transcription factor, Acj6, and found that it is required for full male fertility. Genome-wide analysis of tTAF-, Modulo-, and Acj6-dependent genes provided evidence for a hierarchical tTAFModulo-Acj6 network regulating spermatocyte-specific transcription. Cuffdiff [17] . Genes showing more than fourfold change were considered to be differentially expressed.
Materials and methods

Fruit fly culture
Determination of the dominant transcription start sites
RNA-sequencing of the w 1118 /w 1118 was analyzed with cuffmerge [17] to obtain the dominant transcription start sites (TSSs). To examine the accuracy of TSS prediction, the identified TSSs were compared with an embryonic TSS study [18] for 100 housekeeping genes. The housekeeping genes, in turn, were identified from the FlyAtlas expression profiling of a variety of fruit fly tissues and cells [19] , as the genes showed the smallest coefficients of variation of probe intensities among all analyzed samples.
Exploring core promoter features of the testisspecific TAF targets
To identify the tTAF targets, we analyzed the previous microarray expression profiling of testis development (4, 5, 6, 7, and 10 days after egg laying) [20] . Microarray probes were mapped to genes with our automated BLAST pipeline, and raw data were normalized with the limma package [21] . K-means was employed to discover gene co-expression network. Genes satisfying the following requirements were considered as the potential direct targets of the tTAFs: (a) A more than fourfold expression decrease caused by the mutation of sa gene; (b) a similar expression pattern to sa during the testis development (Fig. 1A) .
Promoter regions between À200 bp and +200 bp from TSSs were divided into 40 consecutive bins, and the mononucleotide frequencies were calculated for each bin (Fig. 1B) . In addition, the dinucleotide frequencies were calculated for each base pair without binning (Fig. 1B) .
Core promoter motifs were collected from JASPAR PolII database [22] and three publications [23] [24] [25] . Motif scanning was performed on the core promoters (À100 bp to +50 bp) using HOMER [26] (Fig. 1B) . Moreover, DREME [27] was used to de novo discover motifs overrepresented in the core promoters of the tTAF targets (Evalue < 0.05, Fig. 1B ). Overrepresented motifs were matched with our DNA motif collection by using TOM-TOM [28] (q-value < 0.05). All promoter analyses were performed on the transcribed strands.
Discovering transcription factors and chromatin remodelers collaborating with the testis-specific TAFs
Potential transcription factors and chromatin remodelers were identified as proteins with at least one DNA-binding domain [29, 30] , and/or as transcription regulators according to Gene Ontology [31] and other references [32, 33] . Further, regulators present in the meiotic phase of testes [34] experiments and 81 ChIP-chip assays in the fruit fly were collected from NCBI GEO (www.ncbi.nlm.nih.gov/geo) and modENCODE [43] . ChIP-Sequencing tags were aligned to the dm3 reference genome with Bowtie [44] , and peaks were called with MACS [45] . Four hundred base-pair windows centered at the peak summits were considered to be potentially bound by the assayed transcription regulator. ChIPchip data were analyzed with CisGenome [46] to identify the candidate regions. Replicates were intersected with BEDTools [47] to obtain bound regions of high reproducibility. MEME [48] was then performed to discover DNA-binding motifs of the assayed transcription regulator (Evalue < 0.01). HOMER was employed to scan both strands of the potential regulatory regions (À5 kb to +1 kb) with DNAbinding motifs of the spermatocyte-expressed transcription factors and chromatin remodelers (Fig. 1C) . For regulators without available motifs, motifs of their homologs were used instead.
In silico functional analysis of the testis-specific TAFs and gene-specific transcription regulators
To identify the Gene Ontology terms enriched in the tTAFdependent genes, WebGestalt analysis [49] was performed on genes showing decreased expression in the sa mutant. Same analyses were performed on genes affected by mutations in modulo, acj6, tbrd-1 [13] , or tbrd-2 [14] . tBRD-1-or tBRD-2-dependent genes were identified with the limma package (BH adjusted P-value < 0.05 and fold change > 2).
Furthermore, to investigate which specific spermatogenesis steps were regulated by the above transcription regulators, PubMed query of genes participating in the spermatogenesis was performed with a NCBI eUtils pipeline by a homemade PERL script. The keywords were (gene symbol OR gene synonyms) AND spermatogenesis (TIAB). Roles of each gene in the spermatogenesis were further specified according to references.
Results and Discussion
Promoter features recognized by the testisspecific TAFs
Testis-specific TAFs are required for transcription of the majority of spermatocyte-specific genes tested so far [6, 12] . Although the conventional TFIID complex is also present in testes, it is not sufficient to support expression of spermatocyte-specific genes. Thus, it is intriguing to explore the distinct promoter features specifically recognized by the tTAFs. To identify potential tTAF targets, RNA-sequencing experiments were performed on the testes from the w 1118 /w 1118 flies which are reproductively normal and the sa tTAF mutant [6]. Because we were analyzing the transcriptional activation role of tTAFs, our study focused on 2863 genes that were down-regulated in the sa mutant (log2 fold change < À2) and considered as being Sa dependent (Fig. 1A) . Further, we hypothesized that the developmental transcription profile of direct tTAF target genes should be similar to that of tTAF itself. Thus, we analyzed time course study of testes from fruit fly larvae 4-10 days after egg laying [20] (Fig. 1A) . The proportion of the spermatocytes in testes dramatically increases within this developmental window. It is not surprising that a matching increase in transcription of the spermatocyte-expressed sa was observed in the series of samples. Finally, a total of 307 Sa-dependent genes showed patterns of developmental expression similar to sa and were considered as the potential direct targets of the tTAFs (Fig. 1A) .
To locate the promoters of these genes, the dominant TSSs were determined by RNA sequencing of the w 1118 /w 1118 testes. First, we validated our approach by comparing our predicted TSSs of 100 housekeeping genes with the published TSS location data. Sixty-three percent of our identified TSSs of these genes were located within the TSS ranges previously reported in a genome-wide study of the fruit fly embryos which made use of cap analysis of gene expression, RNA ligase mediated rapid amplification of cDNA ends, and cap-trapped expressed sequence tags [18] . The remaining identified TSSs were upstream the previously reported loci. Thus, RNA sequencing can successfully capture the dominant TSSs. Then, we used this approach to map TSSs of 307 potential Sa target genes and 400 genes regulated by the conventional transcription machinery. The latter were identified as the genes not affected by the sa mutation in testes and showing the least expression variation across a variety of cell types in the FlyAtlas database. In both sets of genes, the regions between 100-bp upstream and 50-bp downstream the dominant TSSs were designated as the core promoters for further analysis (Fig. 1B) .
Saddle-like distributions of A and T were observed in the promoters regulated by the canonical transcription machinery ( Fig. 2A) , which was consistent with a previous genome-wide study on the fruit fly promoter architecture [24] . In contrast, A/T distribution was flatter in the promoters targeted by tTAFs (Fig. 2B) . Moreover, a spike of CA appeared right beside TSSs in tTAF target genes, but not in conventional promoters (Fig. 2C) . Other dinucleotides did not show position-specific dissimilarities (Fig. S1) .
To investigate representation of higher complexity sequences, 32 DNA motifs were collected from JAS-PAR PolII database [22] and three large-scale analyses of fruit fly core promoters [23] [24] [25] . Because these studies focused on genes expressed in somatic tissues, the above motifs should originate from the promoters regulated by the conventional machinery. Indeed, out of 14 motifs present in both promoter sets under study, 9 motifs were strongly underrepresented in the core promoters of the tTAF targets (P-value < 0.005), while only three motifs were moderately overrepresented (P-value < 0.05; Table S1 ).
The lack of conventional core promoter motifs suggested distinctive features of the tTAF-targeted promoters. Discriminative motif discovery by DREME identified a CAAAATTY enriched in the core promoters of the tTAF targets (E-value < 0.05, Fig. 2D ). This motif closely resembled the translational control element (TCE, WMAAAHTWH) which is important for directing a high level of testis-specific transcription [50] . Functional studies on regulatory regions are available for ten Sa-dependent genes (Table S2) . We found that the TCE-like motif CAAAATTY usually existed in the genomic regions required for the testisspecific transcription, except for b(2) tubulin (Table S2 ). It is known that b2UE1, a 14-bp element, is sufficient and essential for the testis-specific activation of b(2) tubulin [51] . The intact TCE-like motif does not seem to exist in b2UE1. The TCE-like motif containing regions do not always participate in the translational repression as well, such as dj that utilizes a distinctive translational repression element [52] . The transcriptional repression occurs in spermiogenesis genes which are transcribed in spermatocytes and start to translate until the onset of spermatid differentiation [2] . Intriguingly, out of three direct Sa targets, including Mst35Bb, Mst87F and Mst77F, validated by chromatin immunoprecipitation [53] , all contained a TCE-like element in the regulatory region critical for the testis-specific expression (Table S2) , although the element in the Mst77F locus does not perfectly match, which might explain the modest chromatin immunoprecipitation enrichment of Sa in the Mst77F locus. Thus, the TCE-like motif should be functional and might be essential for the function of tTAFs. However, because TCE itself is not likely a sufficient binding target for tTAF complex [50] , other motifs of lower complexity and/or higher variability must contribute to the function of the tTAF target promoters. Identification of such sequences appears resistant to in silico analysis and may require functional dissection of multiple promoters to localize critical promoter elements.
Transcription factors and chromatin remodelers potentially collaborating with the testis-specific TAFs
The examples of Modulo [12] and tBRDs [13, 14] indicate that gene-specific transcription regulators can interact with tTAFs and co-regulate tTAF-dependent genes. Since the known repertoire of such factors is limited to the above two examples, it is worth the effort to explore the scale of transcriptional network in testes. Among 609 known and putative transcription regulators with detectable expression in the meiotic phase of testes (mainly spermatocytes) [34] and FPKM > 5 in the wild-type testes, 87 have experimentally validated position frequency matrices (PFMs). For additional 38 proteins, we used PFMs of their homologs, as it has been demonstrated that homologous transcription factors with identical DNA binding domains usually bind to highly similar DNA motifs [54] . The resulting collection of PFMs for 125 spermatocyteexpressed transcription factors and chromatin remodelers (Table S3 ) was further used in the motif scanning to analyze regulatory regions (À5 kb to +1 kb around TSSs) of the tTAF target genes (Fig. 1C) . DNA-binding motifs of 19 transcription factors and chromatin remodeling proteins were enriched in the regulatory regions of tTAF target genes (Table 1) . These factors may collaborate with tTAFs to regulate gene expression in spermatocytes. A few proteins from this list have reported roles in male fertility and spermatogenesis (Table S4) : for example, an allele of Su(Hw) causes male sterility [55] , and Mod(mdg4) is critical for chromosome segregation in male meiosis [56] . Some proteins have demonstrated roles in early spermatogenesis, such as Lola which is required for differentiation of male germ cells and maintenance of both male germline and somatic cyst stem cells [57] , Smox which regulates mitotic divisions of spermatogonia [58] , and Chinmo which determines the male fate of somatic cyst stem cells in Drosophila testes [59] . Another group of the listed proteins are required for viability, and their mutants are lethal. It is likely that, because of the early disruption of spermatogenesis caused by mutations in some proteins and even more because of the lethality resulting from mutations in others, their potential involvement at the later stage of testis development (in primary spermatocytes) could be overlooked. Thus, our work provides a background for a specific new inquiry into the roles of identified candidate factors in directing spermatocytespecific gene expression.
A hierarchical transcriptional network driven by the testis-specific TAFs
Accumulation of Modulo protein in testes requires RNA-binding protein Boule [12] , and the boule transcription was shown to depend on tTAFs according to our RNA sequencing, whose expression was significantly decreased to 16% of the normal level in the sa mutant. This places Modulo one level below tTAFs in the transcriptional hierarchy in spermatogenesis. As additional candidate members of this network, transcription factors Acj6 and Pdm3 were further analyzed, which were identified as potential co-regulators for tTAFs in the above in silico assay (Table 1 ). In olfactory receptors, Acj6 and Pdm3 interact to transcriptionally activate their target genes [60] . We analyzed the effect of mutations in these factors on male reproduction and observed reduced fertility in the acj6 mutant males but not in the pdm3 mutant males (Fig. 3) . Combined acj6 and pdm3 mutations did not reduce male fertility further as compared with the acj6 mutation only (Fig. 3) . Therefore, in testes, Acj6, while required for full fertility, does not appear to collaborate with Pdm3.
The acj6 transcripts are enriched in the meiotic phase of testes (mainly spermatocytes), three times that of the mitotic phase and 1.6 times that of postmeiotic phase [34] . Transcription of acj6 was decreased by 71% in sa mutant testes according to RNA-sequencing and by 90% in modulo mutant testes (confirmed with quantitative RT-PCR). These findings place Acj6 below Modulo in the hierarchy, indicative of the tTAF-Modulo-Acj6 regulatory conduit. The lack of CAAAATTY motif in acj6 core promoter is consistent with acj6 not being a direct target of tTAFs. The presence of left part of Modulo binding sequence (ATCGTAGTnGCCT, our unpublished data) in the second intron of acj6 (+1793 bp, ATCGTAGT) could indicate direct regulation by Modulo, although large distance between the candidate binding site and TSS makes this inference questionable. Alternatively, it is possible that other Modulo-controlled transcription factor(s) mediate expression of acj6 in testes.
Gene regulation by the tTAF-Modulo-Acj6 conduit and the testis-specific bromodomain proteins
To analyze the scope of regulation by the tTAF-Modulo-Acj6 network, we performed RNA-sequencing analysis on the testes of modulo and acj6 mutants. Modulo has been reported to be necessary for maintaining expression of several tTAFs, including can, rye, and nht [12] , which was validated in our RNA-sequencing, although only a modest effect of modulo mutation on tTAF transcription was observed, with a 74%, 68%, and 42% decrease of can, rye, and nht, respectively. Forty percent of Modulo-dependent genes were also affected by the sa mutation ( Fig. 4A and Fig. S2B) . Analysis of the effect of mutations limited to the genes expressed in the meiotic phase of testes (mainly spermatocytes) [34] produced a similar figure, with 46% of Modulo-dependent genes being also Sadependent ( Fig. 4B and Fig. S3B ). In both analyses, Modulo controlled 30% of the Sa-dependent genes (Fig. 4A,B, Figs S2A and S3A) . Thus, even though Modulo appears a major factor in tTAF-regulated gene expression, apparently tTAFs can activate transcription independently of Modulo. This is not surprising, given the wealth of potential tTAF-collaborating factors in testes. More intriguing is the fact that about half of Modulo-dependent genes do not require tTAFs for full expression. These genes may utilize the background lower levels of Modulo protein still present in tTAF mutant testes, and/or other mechanisms of regulation owing to diverse functionality of Modulo (Drosophila homolog of Nucleolin). Additionally, Modulo-dependent gene expression in the testis cells other than spermatocytes cannot be ruled out and probably contributes to the observed picture. The acj6 mutation did not affect modulo transcription, neither did it dramatically alter mRNA levels of tTAFs except rye. It should be noted that acj6 mutation caused a modest decrease of can and nht transcription (62% and 50%, respectively). Acj6 may form positive feedback loops with tTAFs, the same as Modulo. Regardless of whether the analysis was confined to spermatocyte-expressed genes, Acj6-dependent genes constituted 22% of Sa-dependent genes (Fig. 4A,B , Figs S2A and S3A) -a scope more narrow than for Modulo, consistent with the tTAF-Modulo-Acj6 regulation model. In both analyses, 43% of Acj6-dependent genes were also Sa-dependent (Fig. 4A,B,  Figs S2C and S3C) , demonstrating the major role of tTAFs in Acj6-driven gene expression in testes. At the same time, more than half of the Acj6-dependent genes did not require tTAF for full expression, similar to the pattern observed for Modulo. Because Acj6, a known transcription factor in somatic tissues, can collaborate with the conventional transcription machinery, the genes that do not require high tTAF-induced levels of Acj6 could be Acj6-but not Sa-dependent.
Comparison of the gene pools affected by modulo and acj6 mutations revealed a close relationship between these two factors. Again, the analyses of all genes or just the genes expressed in spermatocytes produced very similar results. Approximately one-half of Modulo-dependent genes were also Acj6-dependent (Fig. 4A,B , Figs S2B and S3B), and among Acj6-dependent genes, two-thirds also required Modulo (Fig. 4A,B, Figs S2C and S3C ). Remarkably, among the genes regulated by Sa, three-quarters of Acj6-dependent genes also appeared to be regulated by Modulo (Figs S2A and S3A) . Thus, Modulo controls the major share of Acj6/tTAF-regulated gene expression in testes. At the same time, approximately onehalf of genes are controlled by Modulo without involvement of Acj6 (Figs S2B and S3B ). This finding again is consistent with the tTAF-Modulo-Acj6 hierarchy, where successive members of a regulatory chain regulate progressively smaller sets of genes.
The tBRDs, including tBRD-1, tBRD-2, and tBRD-3, are another group of factors known to physically interact with tTAFs [13, 14] . They could recognize the acetylated chromatin and probably act as a scaffold to recruit tTAFs and tMAC complex for transcriptional activation. Thus, it is intriguing to investigate roles of tBRDs in the tTAF governed transcriptional network. Mutation of tBRDs does not affect mRNA levels of sa, modulo, or acj6 [13, 14] and vice versa. Transcription of tTAFs mia and rye was increased in tBRD mutants [13, 14] . However, only a small number of genes were affected by tBRD mutation (Fig. 4A) ; thus, the expression level changes of tTAFs in tBRD mutants might not be functional. A very tiny part of Sa-, Modulo-, and Acj6-dependent genes were dependent on tBRDs as well (Fig. 4A,B , Figs S2A-C and S3A-C), while transcriptional function of tBRDs was more strongly dependent on tTAFs, Modulo, and Acj6, especially tTAFs (Figs S2D,E and S3D,E). Above 30% of tBRD-dependent genes required tTAFs for their full expression. Thus, in the tTAF governed transcriptional network, the scope of tBRD regulation should be very narrow, and tBRDs should function very downstream in the regulatory chain, which was also supported by the very limited number of differentially expressed genes in tBRD mutants.
To obtain a glimpse into the specific aspects of spermatogenesis potentially regulated by the members of analyzed network, we analyzed Gene Ontology terms associated with tTAF-, Modulo-, Acj6-, and tBRDdependent genes (Fig. 4C) . No Gene Ontology terms were enriched in tBRD-dependent genes. The terms linked to regulation by Acj6 were also associated with control by either of tTAFs and Modulo or more frequently both. Mitochondrion and cytoskeleton, especially microtubules, were under tight control of all three members of the tTAF-Modulo-Acj6 hierarchy. Mitochondrial morphogenesis is a critical event of spermiogenesis, including aggregation, fusion, membrane wrapping, unfurling, and elongation [3] , which contributes to spermatid elongation and individualization [61, 62] . Microtubules play diverse and essential roles in the spermatogenesis, such as assembly of spindles and mitochondrial aggregation and elongation [3, 63] . The axoneme-associated aspect of microtubule organization appeared to be mainly under control of tTAFs (Fig. 4C) . Spermatid individualization was largely associated with regulation by tTAFs too, including assembly of the individualization complex and ubiquitin-dependent protein degradation (Fig. 4C) . Progression of individualization requires formation and proper organization of the individualization complex that is composed of 64 actin cones [3] . Ubiquitindependent proteolysis is involved in movement of the individualization complex and elimination of cytoplasm not needed in mature sperms [64] . Thus, the proposed tTAF-Modulo-Acj6 regulatory axis controls diverse critical aspects of spermatogenesis. The scope of regulation by Acj6 is, in general, within the realm of either tTAF or Modulo (or both), and Modulo operates under umbrella of tTAF although capable of regulating few spermatogenesis pathways on its own. Text mining of tTAF-, Modulo-, and Acj6-dependent genes with documented roles in spermatogenesis revealed that tTAFs were involved in all steps after A B C Table S5   Table S5   Table S5   Table S5   Table S5 Fig. 4. Transcriptional network formed by the tTAF-Modulo-Acj6 conduit and the tBRDs. (A) Overlaps between the pools of Sa-, Modulo-, Acj6-, tBRD-1-, and tBRD-2-dependent genes, drawn with UpSet [69] . Sets contained in an exclusive intersection were indicated with a dark filled circle, otherwise indicated with a light-gray circle. Filled circles were connected with a line for each exclusive intersection. For example, the first column shows that expression of 1694 genes was solely dependent on Sa, and the sixth column shows that expression of 478 genes was dependent on Modulo and Acj6 but not other three transcription regulators. (B) Overlapping among Sa-, Modulo-, Acj6-, tBRD-1-, and tBRD-2-dependent spermatocyte-expressed genes, drawn with UpSet in the same manner as (A). (C) Gene Ontology biological processes and cellular components significantly enriched in the pools of Sa-, Modulo-, and Acj6-dependent genes (BH adjusted hypergeometric test P-value < 0.01). No Gene Ontology terms were enriched in either tBRD-1-or tBRD-2-dependent genes. Examples of Sa-, Modulo-, and Acj6-dependent genes were listed for each term. Listed genes all have reported roles in spermatogenesis.
mitotic divisions while Modulo and Acj6 sharply increased their influence in meiosis and spermiogenesis (Table S5 and Fig. S4 ), which further supported the hierarchical and sequential deployment of the axis members.
Conclusion
The Drosophila spermatogenesis is highly similar to the mammals [65] , providing an excellent model to gain mechanistic insight into the human male infertility [66] . Cell biology of the sperm development has been extensively studied; however, relatively little is known about the transcriptional mechanisms involved in spermatogenesis. Here, we report a tTAF-Modulo-Acj6 hierarchy (Fig. 5) . The tTAFs, probably via forming a distinctive TFIID complex, activate transcription of RNA binding protein boule, which in turn is needed for translation of the meiotic entry control protein Twine [67, 68] . Translation of transcription factor Modulo also requires Boule [12] . Another transcription factor Acj6 is the potential direct target of Modulo. These three members of the tTAF-Modulo-Acj6 hierarchy could collaborate to direct the transcription program, especially of spermatid differentiation, in spermatocytes. The tBRDs, known to recruit tTAFs to the acetylated chromatin [13] , seem to keep loose connection with the tTAF-Modulo-Acj6 circuit (Fig. 5) . The transcriptional function of tBRDs partially requires collaboration of this circuit. More intriguingly, Modulo and Acj6 are needed for maintaining expression of a few tTAFs (Fig. 5) . The positive feedback loops reinforce the hierarchy and helps sustain high levels of transcription of spermatid differentiation genes. In conclusion, identification of the tTAF-Modulo-Acj6 hierarchy furthers our understanding of transcriptional network that orchestrates the spermatogenesis. Furthermore, identification of multiple candidate transcription regulators involved in tTAF-dependent gene expression program in spermatocytes, validated by demonstration of the role of one of these regulators, Acj6, in male fertility, provides the necessary background for further dissection of this important mechanism underlying male reproduction. Reproduction 139, 11-21. 
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